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Abstract: The wear resistance of iron (Fe)-matrix materials could be improved through the in situ formation of vanadium carbide particles (VCp)
with high hardness. However, brittleness and low impact toughness limit their application in several industries due to addition of higher carbon
content. Carbon-partitioning treatment plays an important role in tuning the microstructure and mechanical properties of in situ VCp-reinforced
Fe-matrix composite. In this study, the influences of carbon-partitioning temperatures and times on the microstructure, mechanical properties, and
wear resistance of in situ VCp-reinforced Fe-matrix composite were investigated. The experimental results indicated that a certain amount of re-
tained austenite could be stabilized at room temperature through the carbon-partitioning treatment. Microhardness of in situ VCp-reinforced Fe-
matrix composite under carbon-partitioning treatment could be decreased, but impact toughness was improved accordingly when wear resistance
was enhanced. In addition, the enhancement of wear resistance could be attributed to transformation-induced plasticity (TRIP) effect, and phase

transformation was caused from y-Fe (face-centered cubic structure, fcc) to a-Fe (body-centered cubic structure, bee) under a certain load.
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1. Introduction

Vanadium is a strong carbide-forming element [1-2],
which is widely used to prepare in sifu vanadium carbide
particle (VCp)-reinforced iron (Fe)-matrix composites
(VCFC) [3—4]. The VCFC exhibits a combination of the ex-
cellent mechanical properties of the matrix and the high
hardness of vanadium carbide (VC) [5—7], i.e., HV 2800 [8],
which is higher than that of Cr;C; (HV 1300-1500) [9].
Therefore, the VCFC has been widely used for wear-resist-
ant components that are subjected to considerable wear and
impact [10—11]. Wei and colleagues [12—13] investigated the
influence of VC (in situ synthetized with vanadium and car-
bon) on the wear resistance of high-vanadium high-speed
steel (HVHSS). Their results indicated that the wear resist-
ance of HVHSS is three times that of high-chromium cast
iron and eight times that of high manganese steel [12].
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However, many engineering applications are seriously re-
stricted by the high manufacturing cost because of the long
period of heat treatment at high temperature [14]. In addition,
serious degeneration of the mechanical properties was caused
by the high-temperature oxidation and volatilization of V-
rich and Mo-rich oxides [15]. In our previous works, high-
temperature oxidation resistance was investigated under the
conditions of different manganese contents and oxidation
temperatures [16—17], and the alloying elements were adjus-
ted to improve the high-temperature oxidation resistance and
decrease the manufacturing cost. However, two major issues,
namely, poor toughness and serious brittleness, were caused
by the high carbon content. Therefore, a new in situ VCFC
with excellent comprehensive performance is designed on
the basis of the transformation-induced plasticity (TRIP) ef-
fect [18—19] and quenching and partitioning (Q&P) heat
treatment [20—21].
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TRIP steel was designed and developed in the middle of
the last century [22]. Previous research showed that meta-
stable austenite is transformed into martensite under a cer-
tain additional load, thus improving the mechanical proper-
ties [23—24]. Subsequently, Speer and colleagues [25—26]
discovered that retained austenite can be stabilized at room
temperature through Q&P heat treatment and phase trans-
formation from retained austenite to martensite occurred un-
der a certain load (regarded as the TRIP effect), thus result-
ing in extensive applications of the materials. A previous
study [27] reported that retained austenite was formed after
the austenitizing and quenching treatment process used to en-
hance the impact toughness. Moreover, phase transformation
occurred, which improved the hardness and wear resistance.
In our published paper, Q&P heat treatment was adopted to
obtain retained austenite, and wear resistance was enhanced
because of phase transformation from retained austenite with
high toughness to martensite with high hardness [28].
However, the relationship between carbon-partitioning para-
meters and microstructure and between microstructure and
mechanical properties (i.e., microhardness, impact toughness,
and wear resistance) were unclear. Carbon partitioning is
considered as one of the most important treatment methods
that can stabilize austenite at room temperature [29-30].
Therefore, carbon-partitioning treatment is conducted to ad-
just the content of retained austenite, as well as the shape,
size, and content of VC in the matrix.

In this study, carbon-partitioning treatment with different
holding temperatures and holding times was conducted to
stabilize austenite. The effects of holding temperature and
holding time on the microstructure, mechanical properties,
and wear resistance of in situ VCFC were investigated sys-
tematically. Then, the wear mechanism was determined
through the analysis of the quantitative correlation between
weight loss, wear depth, wear width, and wear time. Mean-
while, microstructural characterization and composition ana-
lysis were conducted to verify the effect of carbon-partition-
ing treatment on the wear resistance.

2. Experimental

An in situ VCFC with the chemical composition (wt%)
of 8.1V-3.0Mn-2.8C-2.5Cr—1.5Mo—1.5Si—(bal.)Fe was used
in this study. The investigated composite (VCFC) was pre-
pared through induction melting and casting. The prepara-
tion procedure was described in detail in our previous work
[28]. The heat treatment process was performed using the
muffle and salt bath furnaces. Specimens with a cube size of
20 mm X 55 mm x 10 mm were cut from the cast ingot.

First, all specimens were austenitized at 1000°C for
30 min and rapidly quenched in the salt bath furnace (55wt%
KNO; + 45wt% NaNO,, the melting point was 130°C and
the service temperature ranged between 150 and 500°C) at
300°C for 5 min. Then, all specimens underwent carbon-par-
titioning treatment at holding temperatures of 280, 320, 360,
and 400°C and holding times of 5, 15, 30, 45, and
80 min. Finally, all specimens were cooled in water.

The hardness, impact toughness, and wear resistance of
the VCFC were measured. After heat treatment, samples for
the impact toughness, hardness, and wear tests were cut, with
the sizes of 55 mm x 10 mm x 10 mm, 10 mm X 10 mm X
10 mm, and 31 mm X 7 mm X 6 mm, respectively. First, the
hardness test was conducted on a Zwick Roell Indentec
Vickers tester (ZHV1-AFC, Germany) and the load was set
to 9.8 N with the holding time of 15 s. The average value of
hardness was calculated with five points and converted into
Rockwell hardness. The effects of different holding temper-
atures and holding times on hardness were also evaluated.
Second, impact tests were performed to determine impact
toughness of the VCFC (under different holding temperat-
ures and times) using a JBW-300B pendulum-type impact
testing machine with an impact energy of 150 J. Each group
(each holding temperature or time) included three specimens
which were prepared without a notch. The average value was
considered the final result. Third, a block-on-cylinder-type
wear test machine (M2000, China) was used to measure the
wear resistance of the samples with a load of 200 N and rota-
tional speed of 400 r/min. The schematic diagram of the
wear resistance test is shown in Fig. 1. The relative size of
the counterpart and samples were also presented. The coun-
terpart of the cylinder was YGS8 hard alloy, whose hardness
is HRA 89. The weight loss, wear width, and wear depth of
the wear tracks were measured using an analytical balance, a
reading microscope (JC10, China), and an ultra-deep field
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Fig.1. Schematic diagram of the wear resistance test.
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3D microscope (VHXS5000, Japan), respectively. The quant-
itative correlation between weight loss, wear depth, wear
width, and wear time was analyzed, and the effects of differ-
ent carbon-partitioning parameters on the wear resistance of
materials were evaluated.

To characterize the microstructure, the samples were
etched with a 4.0vol% nitric acid alcohol solution for 30 s in
the matrix. Meanwhile, the shape, size, and distribution of
VC were characterized by a scanning electron microscope
(SEM; TESCAN, MIRA 3 LMH/LMU, Czech Republic)
operated at 20 kV. In addition, the chemical composition of
the samples was determined using high-energy X-ray dif-
fraction (XRD; Bruker, D8 Discover with TXS, Germany)
with Cu K, radiation source at a rate of 0.5°/s in the 26 inter-
val ranging from 20° to 100°. The fracture morphology of
the specimens after the impact test was also characterized by
SEM. Moreover, the morphologies and chemical composi-
tions of the wear tracks were observed by SEM and energy-
dispersive spectroscopy (EDS, Oxford, X-Max20, England)
to determine the wear mechanism.
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3. Results
3.1. Microstructure and composition analysis

Fig. 2 depicts the effects of holding temperatures on the
microstructure of as-treated specimens. Notably, the holding
temperature has an obvious influence on the shape, size, and
distribution of VC. With the increase of holding temperature,
large carbide aggregations gradually decrease. A thick
flower-like large network structure can be detected at the
holding temperatures of 280 and 320°C. However, the thick
flower-like large network structure evolves into a slender
chrysanthemume-like structure when the holding temperature
is 360°C. Moreover, carbide particles are nearly evenly dis-
tributed under the holding temperature of 400°C.

To determine the phase structure of the carbide aggrega-
tions, XRD analysis was conducted. Fig. 3 shows the XRD
test curves at different holding temperatures. Notably, the ag-
gregations are mainly VC and the holding temperature has an
obvious influence on the intensity of peaks, particularly
within 36.5° to 38°, 41.5° to 47°, 57.5°, 90°, and 95°. Spe-

Fig. 2. Microstructures of the VCFC under a constant holding time of 30 min and different holding temperatures: (a) 280°C; (b) 320°C;

(¢) 360°C; (d) 400°C.
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Fig. 3. XRD phase structure analyses in 26 ranging from 20° to 100° (a), within 36.5° to 41° (b), within 41° to 47° (c), and within 47°
to 100° (d), showing the effect of holding temperature on the phase structure of the VCFC.

cifically, the strongest peak within 36.5° to 38° is identified
as VC-type carbide at the holding temperature of 400°C.
However, this peak offsets a small angle due to retained
stress when the holding temperature is 280°C. Meanwhile, a
small offset of two Fe peaks existed within 41.5° to 47°. y-Fe
and o-Fe are distributed within 43.25° and 44.25°, respect-
ively. When the holding temperature is 360°C, the y-Fe peak
at 43.25° is larger than that under other temperatures. In ad-
dition, the y-Fe peak at 57.5° and 90° under the carbon-parti-
tioning temperature of 360°C is also larger than that under
other temperatures. However, the a-Fe peak at 95° is the
smallest.

To further understand the effect of carbon-partitioning
treatments on the mechanical properties of the investigated
composite, the microstructure and composition of two typic-
al carbon-partitioning treatments were characterized/ana-
lyzed by SEM and EDS. Fig. 4 illustrates the microstructure
and composition under the holding time of 30 min and the
holding temperature of 320°C. Fig. 4(a) shows that four dif-
ferent textures existed in the matrix. Strip VC of submicron
scale was detected in region I under magnification. EDS ana-

lysis showed that the atomic ratio of vanadium and carbon in
region [ is 8:7. This finding indicates that the strip VC in re-
gion I is ViC; (Fig. 4(b)). Thus, the coarse or globular
particles are determined to be VC-type carbide at the vana-
dium-to-carbon atomic ratio of 1:1 (Fig. 4(c)). Uniquely, the
irregular and white compound observed in Fig. 4(d) was de-
termined to be M;C-type carbide and reported in the literat-
ure [30]. In terms of matrix structure, a-Fe and y-Fe coexist
in the matrix [31], and the content of a-Fe is higher than that
of y-Fe, as shown in Figs. 4(c) and 4(d). In addition, the mi-
crostructure and composition under the holding time of 30
min and the holding temperature of 360°C are presented in
Fig. 5. Other precipitates were more obvious in the matrix
structure than in the V3C,/VC-type and M;C-type carbides.
Nanoscale rod-like, plate-like, and nanoparticle compounds
were detected using high-energy SEM. The nanoscale rod-
like compound is distributed around VC;, and the main ele-
ment is the Fe—-C compound accompanied by a small num-
ber of Si particles. The main component of the plate-like
compound is Fe—Cr—C. This plate-like compound can be
(Fe,Cr),C-type carbide, as reported in the literature [32—33].
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Fig. 4. Microstructure and composition of the VCFC under the carbon-partitioning time of 30 min and the carbon-partitioning tem-
perature of 320°C: (a) sketch maps of different morphologies; (b) lath-like VgC; (c) granulated VC; (d) Fe-matrix.
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Fig. 5. Microstructure and composition of the VCFC under the holding time of 30 min and the holding temperature of 360°C: (a)
sketch maps of different morphologies; (b) nanoscale rod-like compound; (c) plate-like and nanoparticle compounds; (d) EDS compos-
ition analysis of regions L, II, and I1I in (b) and (c) under magnification.

However, the nanoparticle compound can be regarded as su- matrix.
persaturated a-Fe (martensite). Meanwhile, y-Fe exists in the In addition, the effect of holding time on the microstruc-
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ture of as-treated specimens is shown in Fig. 6. Notably, the
shape, size, and distribution of VC exhibit a significant dif-
ference between different holding times. Large aggregations
and uneven distribution of VC can be observed under the
holding time of 5 min. As the holding time increases to
15 min, VC particles accompanied by a small number of
chrysanthemum-like VC; structures are diffusely distributed
in the matrix. However, the proportion of chrysanthemum-
like V¢C; structures under the holding time of 30 min is lar-
ger than that under other holding times. With the sustained
increase of holding time, the slender chrysanthemum-like
structure finally evolves into a large dendritic structure. In
addition, the composition of as-treated specimens changes
with the holding time, as shown in Fig. 7. Notably, the y-Fe
peak of the 30 min treated sample reaches its maximum
among different holding times. Meanwhile, the minimum o-
Fe peak is detected at 44.25° compared with the samples un-
der other treatment times, as shown in Figs. 7(b) and 7(c). In
addition, the y-Fe peak at approximately 50.5°, 73.8°, and
89.2° under the carbon-partitioning time of 30 min is larger
than that under other carbon-partitioning times.

3.2. Microhardness and impact toughness

Fig. 8 shows the contour plots of the measured hardness

under different holding temperatures and holding times. Ac-
cording to the experimental data of hardness tests, the aver-
age hardness of the 280°C treated sample has a minimum
value, whereas that of the 360°C treated sample reaches a
maximum value. In contrast to the range of the four groups
under different holding temperatures, the maximum range
was detected in the 320°C treated sample. The hardness val-
ues under different holding times of 5, 15, 30, 45, and 80 min
were HRC 48.87, 46.87, 50.4, 48.67, and 49.17, respectively.
Fig. 8(b) presents the contour plots of the measured impact
toughness under different holding temperatures and holding
times. Moreover, the measured values of impact toughness
under different carbon-partitioning treatments are generally
two to three times larger than that of as-cast (AC) specimen.
Interestingly, the impact toughness is not always in inverse
ratio to the hardness. The range of the 320°C treated samples
is only inferior to the range of the 400°C treated samples.
Moreover, the values of the 320°C treated samples with the
carbon-partitioning time of 5, 15, 30, 45, and 80 min are
7.42,7.2,5.99,7.2, and 7.32 J/em?, respectively.

Fig. 9 shows the fracture morphologies under different
holding temperatures. The experimental results indicated that
typical brittle fracture can be observed under the holding
temperature of 320°C, which can be attributed to the coarse

Fig. 6. Microstructures of the VCFC under a constant holding temperature of 360°C and different carbon-partitioning times: (a) 5

min; (b) 15 min; (¢) 30 min; (d) 45 min; (¢) 80 min.



106

Int. J. Miner. Metall. Mater., Vol. 27, No. 1, Jan. 2020

(@) REbIE 1 (®) — Smin
i b — 15 min
Somin U —30min
— 45 min
: |45 min A : )
2 TRV AN e IO g — 80 min
z | 2z
2 . N 2
d:é 30 min , A . }:é
!
15 min ' j\,_m
i i
Smin iy i\l -
T _I_. ""'""‘"f‘"
20 40 60 80 100 37 38 39 40 41
26/ (°) 20/(°)
(©) — 5 min

L g ]

— 15 min

Intensity / a.u.

Intensity / a.u.

41 1 43 44 45 46 47
20/ (%)

eVvC « ViG,

A y-Fe M o-Fe
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(d), showing holding times on the phase structure of the VCFC.
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Fig. 8. Hardness (a) and impact toughness (b) of the VCFC under different carbon-partitioning treatments.

and brittle dendritic VC distributed uniformly in the matrix.
Thus, the impact toughness under the holding temperature of
320°C (5.99 J/cm®) is lower than that under other holding
temperatures. Generally, dimples are an important parameter
in the evaluation of impact toughness. Fig. 9 shows that
dimples under the holding temperatures of 360 and 400°C

are deeper than that under the holding temperature of 320°C.
The dimple area under the holding temperature of 280°C is
larger than that under the holding temperature of 320°C.

3.3. Wear resistance

Figs. 10(a) and 10(b) show the weight loss of the AC and
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Fig. 10. Weight loss evolution of the VCFC under different holding temperatures (a) and different holding times (b).

as-treated specimens under different holding temperatures
and holding times. Notably, the weight loss gradually in-
creases with the increase of the wear time. The weight loss of
the as-treated specimens is smaller than that of the AC speci-
men. In Fig. 10(a), the order of weight loss is Amiac > Aniggy >
Amizyy > Amisgy > Amiygy (Am expressed the weight loss of spe-
cimens within a wear time of 60 min. AC, 280, 320, 360, and
400 represented as-cast, 280, 320, 360, and 400°C treated
specimen, respectively) when the wear time is 60 min. The
weight loss of the as-treated sample under the holding tem-
perature of 280°C is approximately 9 mg, whereas that of the

AC sample is greater than 16 mg. In Fig. 10(b), the wear rate
gradually decreases with the increase of wear time under the
holding time of 15 min. The weight loss is only 6.9 mg when
the wear time reaches 60 min. The results of weight loss may
be inadequate to evaluate the effect of carbon-partitioning
treatment on the wear resistance of the investigated compos-
ite. Therefore, the microstructure and composition of wear
tracks were measured using SEM and EDS, as shown in Fig.
11. Notably, tungsten was detected in the wear tracks and it
is considered as the alloying element of YG8 hard alloy
counterpart. Therefore, the depth and width of the wear



108

0 1 23 4 5 6 7 8 9 10
Energy / keV/

Int. J. Miner. Metall. Mater., Vol. 27, No. 1, Jan. 2020

Fig. 11. Morphology characterization and composition analysis of the VCFC’s wear tracks with backscatter diffraction image (a) and

secondary electron image (b).

tracks should be measured to comprehensively evaluate the
wear resistance under different carbon-partitioning treat-
ments.

In addition, the effects of holding temperature and hold-
ing time on wear width are presented in Fig. 12. With the in-
crease of wear time, the wear width increases sharply and
then slowly. The wear width of the AC specimen is small
within 20 min, but its value with a wear time of 60 min is
bigger than that under carbon-partitioning treatment. In addi-
tion, the wear width reaches its minimum value under the
holding temperature of 280°C and holding time of 15 min.
By contrast, Fig. 13 illustrates the effect of holding temperat-
ures and holding times on the wear depth. The wear depth
under the holding temperatures of 280°C and 360°C is smal-
ler than that under other holding temperatures. However, Fig.
13(b) shows that, with the increase of the holding time, the
wear depth initially decreases and subsequently increases.
The minimum value was observed under the holding time of
30 min.
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4. Analysis and discussion

VC was in situ formed from vanadium and carbon in the
process of the solidification. Moreover, the shape, size, and
distribution of VC were changed through heat treatment,
such as austenitizing, quenching, and partitioning treatments.
Notably, carbon-partitioning treatment has the most import-
ant role in stabilizing austenite at room temperature. The cor-
responding results were characterized in Figs. 2 to 7. Given
the existence of retained austenite, which has excellent
toughness, the microhardness decreased, but impact tough-
ness substantially increased.

For the tribological behavior of VCFC, when the micro-
hardness is less than HRC 58, the wear resistance mainly de-
pends on the microhardness of the material. By contrast,
when the microhardness is greater than HRC 58, the wear
resistance is mainly governed by the shape, size, and distri-
bution of VCp [10,34]. In this study, the microhardness de-
creased after carbon-partitioning treatment, but the wear res-
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Fig. 12. Wear width evolution of the VCFC under different holding temperatures (a) and different holding times (b).
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istance considerably increased. The main reasons for the im-
provement of wear resistance were attributed to the follow-
ing factors: On one hand, the size, shape, and distribution of
VC changed in the process of heat treatment. VC has excel-
lent hardness and can resist the serious wear of the counter-
part. On the other hand, a certain amount of retained austen-
ite existed steadily at room temperature. Thus, brittle frac-
ture and cracks did not occur. Meanwhile, on the basis of the
performance testing results and microstructural characteriza-

(a) Loading

<=

X
JOC XX

v-Fe (austenite)
Fig. 14. 'Wear mechanism of the VCFC: (a) the early stage of friction; (b) the steady stage of friction; (c) the crystal structure of y-Fe;
(d) the crystal structure of a-Fe.

tion, the wear mechanism of the investigated composite is re-
vealed in Fig. 14.

Under the running-in stage of friction, serious wear oc-
curred because of the low hardness and the exposure of few
VCp on the surface. After a while, more VCp were exposed
on the surface and resisted the wear of the counterpart.
Therefore, the wear rate slowed down and serious wear of
the counterpart increased, as shown in Fig. 11. In addition,
lattice distortion of the retained austenite could occur under a

(b)

Loading

(d)

a-Fe (martensite)
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certain load and crystal structures were transferred from face-
centered cubic (fcc, retained austenite) to body-centered cu-
bic (bcc, martensite), as shown in Figs. 14(c) and 14(d). Af-
terward, work hardening of the surface occurred and the
overall hardness was improved, thus resulting in the im-
provement of the wear resistance [35—37].

5. Conclusions

An in situ VCFC is heat-treated under different carbon-
partitioning conditions. The microstructure, microhardness,
toughness, and wear resistance of the as-treated specimens
are evaluated. The main conclusions are as follows.

(1) Carbon-partitioning treatment can stabilize the re-
tained austenite at room temperature. The shape, size, and
distribution of VC govern the microhardness and impact
toughness of the investigated composite.

(2) Given the high microhardness value, the wear resist-
ance of the AC specimens is better than that of the as-treated
specimens in the early stage of wear resistance test.
However, in the later stage, the as-treated specimen has a low
wear rate because of the transformation of retained austenite
to martensite.
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